ABSTRACT An experiment was conducted to establish a basal diet deficient in both protein and lysine. The responses of broiler chicks to graded levels of lysine at two levels of CP were measured in diets mixed by two experimental methods (diet dilution and graded supplementation). Experiment 1 had a 2 × 3 factorial arrangement of treatments with three dietary CP levels (17, 20, and 23%) and two levels of lysine per CP level (35 and 48 g lysine/kg CP). Dietary CP and lysine levels had significant (P < 0.001) effects on body weight gain (BWG), feed intake, and feed conversion ratio (FCR). In exp. 2, the lysine requirement of chicks (9 to 18 d of age) was estimated at two levels of CP in diets mixed by the diet dilution method. The requirements for lysine at 17% CP (as a percentage of CP) were estimated to be 4.45 ± 0.18%
INTRODUCTION
In the early 1950s Almquist (1952) concluded that the level of an indispensable amino acid required for optimum chick performance was a positive linear function of the dietary CP level. This relationship was based on the results of Almquist (1949) and Almquist and Merritt (1950) for methionine and arginine, respectively. Further, Almquist's (1952) plot of the data from Grau (1948) and Grau and Kamei (1950) revealed another aspect of the relationship between lysine and methionine and CP levels. Almquist noted that the relationship between the lysine and methionine requirements and dietary CP level were not similar and that as the dietary CP level increased the requirements decreased as a proportion of CP (Figure 1 ). This assumption was later challenged by Boomgaardt and Baker (1970 , 1971 , 1973 and Nelson et al. (1960) , who reported that lysine, tryptophan, and methionine were required as constant proportions of CP, respectively (Figure 2 ). However, more recent studies have found the lysine (Abebe and Morris, Similarly, the requirements at 23% CP were 4.34 ± 0.16% for BWG (R 2 = 0.84) and 4.35 ± 0.13% for FCR (R 2 = 0.89).
In exp. 3, the lysine requirement of chicks (10 to 18 d of age) was estimated at two levels of CP in diets mixed by the graded supplementation method. The requirements for lysine at 18.5% CP were 5.17 ± 0.25% for BWG (R t-test show that the requirements were not significantly different between the two CP levels for BWG in experiments 2 and 3 (P < 0.05). It is concluded that the amino acid requirements of broilers are a constant proportion of CP levels at least in the range of CP levels commonly fed. 1990a; Surisdiarto and Farrell, 1991; Hurwitz et al., 1998) , methionine (Mendonca and Jensen, 1989; Morris et al., 1992) , and arginine (Hurwitz et al., 1998) requirements as a percentage of CP decreased as the level of CP increased, thus confirming Almquist's earlier conclusion (Figure 1 ).
The examples above are only a few examples of the differences found in the literature. When comparing results from various research reports, it is clear that the requirements for the amino acids mentioned above always increase as a percent of the diet as CP increases. However, the increases are not always quantitative even among studies testing the same amino acid. This is true for lysine, arginine, methionine, and tryptophan (Figures 1 and 2 ).
Responses to amino acids, and therefore amino acid requirement estimates, can vary depending on the dietary protein source and quality, dietary energy level, genetic strain, sex, experimental conditions, and statistical evaluation. Certainly, the comparison of experiments similar in their hypotheses is clouded by numerous differences in experimental design. It is difficult to attribute differences in the materials and methods these researchers employed to create such equivocal results (Figures 1 and 2 ).
Abbreviation Key: BWG = body weight gain; CGM = corn gluten meal; FCR = feed conversion ratio; SSM = sesame seed meal. The clearest division that could be made among the various papers reviewed in Figures 1 and 2 was between those experiments with different CP levels achieved by the diet dilution method and those mixed using the graded supplementation method (terminology of D 'Mello, 1988) . The diet dilution method comprises the dilution of a high CP diet with one that is devoid or low in CP. Amino acid proportions within the different CP levels are identical. Graded levels of the test amino acid are then added to each mixture. The graded supplementation method comprises the graded addition of a test amino acid in a crystalline form to a basal diet deficient in that amino acid (D'Mello, 1988) . A separate basal diet must be formulated for each CP level to obtain diets varying in dietary CP. Amino acid proportions within the different CP levels are somewhat different. There are exceptions to this division; however, it holds true for the majority of the papers reviewed. Figure 1 illustrates the results of experiments in which amino acids requirements were found to be a negative linear function of the dietary CP content. In these studies, the diets contained different proportions of various protein and carbohydrate sources across the dietary CP levels. Figure 2 illustrates the results of experiments in which amino acids were found to be required as a constant proportion of the dietary CP content. In these studies, the diets were mixed using a diet dilution method, generally with one major protein source, or a crystalline amino acid mixture.
If amino acid requirements are constant at different dietary CP levels (Figure 2 ), then feed formulators can simply set a minimum amino acid requirement to protein ratio. However, if amino acid requirements (% of CP) decrease with increasing CP levels (Figure 1) , then formulators will need to make much more complex adjustments. Further, if the slopes of the regression lines are different for different amino acids (Figures 1 and 2) , then there will be a different ideal mixture of amino acids at each CP level.
The purpose of the studies described here was to test the hypothesis that the relationship between dietary CP level and the lysine requirement of broilers is constant. The first experiment was conducted to observe the magnitude of responses to dietary CP and lysine and to test for a CP by lysine interaction. Two feed formulation techniques were used: a diet dilution method (experiment 2) and the graded supplementation method (experiment 3) in an attempt to replicate the patterns observed in the literature.
MATERIALS AND METHODS
In all experiments Cobb × Cobb 2 broiler chicks were used. Straight-run chicks were used in experiment 1 and males only in experiments 2 and 3. All chicks were raised in battery brooders 3 and fed a broiler starter diet (based on corn and SBM and formulated according to NRC (1994) recommendations to contain 23% CP, 3,200 kcal/kg ME, 1.0% calcium and 0.45% nonphytin phosphorus) prior to being placed on the test diets. On the first day of each experiment, chicks were weighed, neck-banded, and allotted to their respective treatments in a manner that ensured a similar average body weight and weight range per replication. Chicks were fed a semipurified diet representing one of the combinations of dietary CP and lysine (Table  1 ) from 9 to 18 d for experiments 1 and 2 and 10 to 18 d for experiment 3. In experiments 1 and 2, two diets were formulated, a 0% CP basal diet based on cornstarch, cellulose, and poultry fat and a 26% CP summit diet based on corn, CGM, cellulose, and poultry fat as the major ingredients (Table 1) . The basal and summit diets were combined to create the 17, 20, and 23% CP diets deficient in lysine in experiment 1 and 17 and 23% CP in experiment 2. In experiment 3, chicks were fed one of two diets formulated to contain either 18.5 or 23% CP with CGM and cellulose (Table 1) . L-Lysine-HCl was added to the diets at the expense of the diets. In experiment 1, a commercial broiler starter diet based on corn and soybean meal and formulated according to NRC (1994) 23% CP and 3,200 kcal/kg ME) was fed as a control. On d 18, chicks and residual feed were weighed with body weight gain (BWG) and feed conversion ratio (FCR) calculated.
Experimental Design
Experiment 1 had a completely randomized design with a 2 × 3 factorial arrangement of treatments (six treatments with three replications per treatment and six chicks per replication). The main effects were dietary levels of lysine (3.5 and 4.8 g lysine/100 g CP) and dietary CP level (17, 20 and 23% CP) .
In experiments 2 and 3, the experimental design was a randomized complete block with a 2 × 8 fractional factorial arrangement of treatments with 16 treatments, three replications per treatment and six chicks per replication. The main effects were dietary CP level (17 or 18.5 and 23% CP) and dietary lysine levels (0.5 to 1.2% in 0.1% increments for the 17 and 18.5% CP diets and 0.7 to 1.4% in 0.1% increments for the 23% CP, respectively).
Statistical Analysis
The experimental unit was the pen mean. All data were analyzed for significant differences at a probability level of P < 0.05 by two-way ANOVA using the general linear Vitamin premix provides the following per kilogram of diet: vitamin A, 5,500 IU (as all-trans-retinyl acetate); cholecalciferol, 1,100 IU; vitamin E, 11 IU from (as all-rac-α-tocopherol acetate); riboflavin, 4.4 mg; Ca pantothenate, 12 mg; nicotinic acid, 44 mg; choline Cl, 220 mg; vitamin B 12 , 6.6 µg; vitamin B6, 2.2 mg; menadione, 1.1 mg (as MSBC); folic acid, 0.55 mg; di-biotin, 0.11 mg; thiamine, 1.1 mg (as thiamine mononitrate); ethoxyquin, 125 mg.
5
Trace mineral premix provides the following in milligrams per kilogram of diet: Mn, 60; Zn, 50; Fe, 30; Cu, 5; I, 1.5. 6 Degussa-Hü ls Corporation, Allendale, NJ. models procedure of SAS (SAS Institute, 1998) . In experiments 2 and 3, a nonlinear procedure of SAS was applied to determine the lysine requirement based on BWG and FCR. The iterative procedure makes repeated estimates for coefficients and minimizes residual error until the best-fit lines are achieved: one line with a slope of zero and the other with a marked slope. The two lines are fitted to the values using the following equation:
where X = independent variable, req = requirement, y = dependent variable, max = theoretical maximum, I = 1 (if X < req) or I = 0 (if X > req), and rc = rate constant. The coefficient of determination (R 2 value) was determined as follows: R 
RESULTS
In experiment 1, responses to dietary CP level were significant (P < 0.001) for BWG and FCR (Table 2) . Body weight gain and FCR improved as CP increased in the diets. Feed consumption was not affected by CP level, however, increasing lysine in the diets significantly (P < 0.001) increased feed consumption and improved FCR. The performance of chicks fed the control diet based on corn and soybean meal was superior when compared with chicks fed the experimental diets. In experiments 2 and 3, the lysine requirement was determined at calculated and analyzed nutrient values and as a percentage of the diet or as a percentage of CP (Tables 3 and 4 ). In experiment 2, lysine requirements for both BWG and FCR increased as a percentage of the diet but were constant as a percentage of dietary CP (Tables 3 and 4 , Figures 3 and 4) . The t-test results based on calculated and analyzed nutrient values were similar for both BWG and FCR (Tables 3 and 4) . In experiment 3, lysine requirements for BWG and FCR increased as a percentage of the diet (Tables 3 and 4 , Figures  5 and 6 ). The analyzed lysine requirement for BWG appeared to decrease as the percentage of dietary CP increased (P > 0.05), but the lysine requirement for FCR appeared to increase as the percentage of dietary CP increased (P > 0.05). In addition, the analyses of the lysine requirement for BWG increased the absolute value of t closer to the level of significance when based on analyzed nutrient values. However, the t value for the FCR requirement was reduced when determined based on analyzed nutrient values.
DISCUSSION
The analyzed nutrient values of the diets were slightly higher than expected values from NRC (1994) ingredient composition tables. Similarly, the lysine requirements estimated with analyzed nutrient values were higher for both BWG and FCR. Increasing dietary CP had no effect on the lysine requirement of broilers expressed as a percentage of the dietary CP; therefore, the hypothesis that lysine requirements are a constant proportion of dietary CP must be accepted based on the present experiments. The requirements observed in experiments 2 and 3 are in close agreement with the studies of Baker (1970, 1973) . Boomgaardt and Baker (1970) determined the requirement of lysine to be 4.59% of dietary CP using crystalline amino acid diets (8.7 to 20.3% CP) with a slow-growing strain of chicks. Similarly, Boomgaardt and Baker (1973) used a semipurified diet containing sesame seed meal (SSM) and gelatin and found the requirement to be 4.70% of dietary CP for 14, 18.5, and 23% CP. In a review of the experiments conducted by Abebe and Morris (1990a,b) , Morris et al. (1992) , and Morris et al. (1999) concluded that amino acid requirements (% of CP) for maximum growth probably decrease with increasing dietary CP. However, it is clear from the depiction in Figure  2 of the equations established by Surisdiarto and Farrell (1991) and Abebe and Morris (1990a) that although a slope exists, the differences in the lysine requirements within a practical range (17 to 23% CP) are small. In both experiments 2 and 3 the tendency for the requirements to nominally decrease as CP increased existed. This was especially noticeable in experiment 3 in which the differences in the lysine requirement (percentage of dietary CP) observed between the two CP levels were larger compared with experiment 2. However even the largest difference in requirement in experiment 3 (5.17 ± 0.25 versus 4.59 ± 0.17 for BWG), was still relatively small. Morris et al. (1999) stated that the dietary CP levels selected by Hurwitz et al. (1998) were not sufficient for examining the relationship between an amino acid requirement and dietary CP level. However, the range studied by Hurwitz et al. (1998), Boomgaardt and Baker (1973) , and the present study serve a more practical purpose by closely resembling CP levels used in commercial broiler production. Although the use of a broader range of CP may allow for the detection of differences in the extremes, no differences may still exist in the practical range of dietary CP levels. The true relationship between dietary CP levels and amino acid requirements (% of the diet) is more likely to resemble a sigmoid curve with the plateau representing a practical range of CP and the slopes representing the two extremes, suboptimal and superoptimal CP levels. The tendency for the lysine requirements as a percentage of dietary CP to decline is not related to the use of the graded supplementation method per se. However, the graded supplementation method could still be a factor if it results in large changes in the amino acid profiles of the diets between CP levels. In experiment 3, the amino acid profile of the diets remained similar at different CP levels because corn protein was substituted for CGM protein.
Similarly, Boomgaardt and Baker (1973) replaced cornstarch with SSM and gelatin with the same ratio of SSM to gelatin resulting in a similar amino acid profiles between CP levels. In experiment 3 of Hurwitz et al. (1998) , the amino acid profiles changed at different CP levels more than in our experiment 3 and the study of Boomgaardt and Baker (1973) . For example, Hurwitz et al. (1998) formulated an 18% CP diet with more sorghum, less wheat and cottonseed meal, and no CGM when compared with the 23% CP diet used in the same experiment. In Figure 2 , the requirements established by Hurwitz et al. (1998) have been converted to a percentage of dietary CP. The requirements are 5.26 and 4.78% of CP for the 18 and 23% CP diets, respectively. Although conclusions regarding the relationship between dietary CP and the lysine requirement expressed as a percentage of dietary CP were not provided by Hurwitz et al. (1998) , the differences in requirement are greater than those observed in the present study. Gous and Morris (1985) published an extensive report comparing the diet dilution and graded supplementation methods and concluded that the diet dilution was superior in that it maintains the balance of amino acids within narrow limits between dietary CP levels. However, D 'Mello (1988) stated that use of the diet dilution method often results in amino acids in excess of the required level, up to 1.4 times the requirement. Surisdiarto and Farrell (1991) tested the response of chickens to dietary lysine and CP containing excess or an ideal balance of essential amino acids relative to lysine. Obvious differences exist between the two experiments of Surisdiarto and Farrell (1991) in Figure 2 . In their experiment 2, the amino acids were balanced relative to lysine and revealed less of a response compared with experiment 1 conducted with excess amino acids relative to lysine. Although variations in response have been observed when using the diet dilution technique (as seen with the study of Surisdiarto and Farrell, 1991) , it is not solely responsible for the differences seen in the literature. The reduced response in experiment 2 of Surisdiarto and Farrell (1991) may be due to the lack of response in growth rate and FCR to lysine at any given dietary CP level.
D 'Mello (1988) found the diet dilution and graded supplementation methods to be highly comparable. No obvious differences between dietary methods were noted in the present study. Therefore, the differences in the literature may be more attributable to the amino acid composition of the different ingredients incorporated into the diets regardless of the method used. For example, each ingredient or a combination of ingredients will yield differences in digestibility and availability of amino acids. In the case of establishing a lysine requirement, special consideration must be given to protein sources known to have problems with lysine availability, such as SSM and cottonseed meal. For example, Mamputu and Buhr (1995) found SSM inclusions greater than 15% of the dietary CP to be detrimental to chick performance. In experiment 1, chicks fed the control diet based on corn and soybean meal performed better than chicks fed the corn, CGM, and cellulose-based diets.
This was probably due to the incorporation of cellulose in the experimental diets. Barbour et al. (1993) , when determining the lysine requirement using adjusted peanut meal (with supplemental amino acids), peanut meal (without supplemental amino acids), and SSM, found the lysine requirement to be lower for SSM regardless of statistical evaluation.
The method of statistical evaluation can influence the relationship between an amino acid and dietary CP levels. The most common statistical models used to determine amino acid requirements are the broken-line (one-slope), two-slope, quadratic, and ascending quadratic with plateau models. Barbour et al. (1993) found along with protein source, statistical evaluation influences the estimate of an amino acid requirement. That is, the quadratic procedure estimates were higher for all protein sources when compared with a two-slope procedure. Similarly, with the original analysis of Morris et al. (1987) performed using a quadratic model, the lysine requirement was suggested to be a constant proportion of the dietary CP level. In a reanalysis of the data obtained by Morris et al. (1987) , Abebe and Morris (1990a) used the Reading model (similar to an ascending quadratic with plateau model) and concluded that the lysine requirement appeared to decrease in proportion to the dietary CP in two separate experiments (Figure 2) . Hurwitz et al. (1998) used a split-plot method similar to the breakpoint analysis used in the present study. The requirements established by Hurwitz et al. (1998) were similar to the requirements established in the present study determined at 18.5 and 23% CP and subjected to a simple t-test. In accord with the present study, Hurwitz et al. (1998) found significant differences in the lysine requirements expressed as a percentage of the diet between an 18 and 23% CP diet.
The practice of keeping amino acid requirements as a proportion of the dietary CP content constant appears to be adequate for practical feed formulation. Dietary CP level may be adjusted to find the most economical level of CP and amino acids to feed. The underlying assumption of this approach is that a balanced 16% CP diet will result in more carcass fat than a balanced 24% CP diet (Smith and Pesti, 1998) . The most economical CP and amino acid levels to feed may not necessarily be the levels that contain the required amino acid levels for maximum growth or minimum carcass fat but the diets providing the largest difference between costs and returns (Costa et al., 2001 ).
